Objective-To investigate the feasibility of negative extrathoracic pressure ventilation as a respiratory support following phrenic nerve palsy after cardiac surgery.
Abstract
Objective-To investigate the feasibility of negative extrathoracic pressure ventilation as a respiratory support following phrenic nerve palsy after cardiac surgery.
Design-An uncontrolled pilot study. Patients&-14 patients aged one week to 30 months (median 5 3 months) with phrenic nerve palsy diagnosed by phrenic nerve conduction tests and diaphragmatic electromyograms. Four had bilateral and 10 unilateral palsy. Before treatment all required oxygen and 10 were receiving positive pressure ventilation. One of the patients with bilateral and four of the patients with unilateral palsies had undergone a plication before negative pressure ventilation was started.
Intervention-Treatment was started 6-65 days (median 23) after operation with a newly designed system which included a Perspex chamber, which gave easy access to the child, and an elastic latex neck seal. Continuous negative pressure was used in conjunction with intermittent positive pressure ventilation while continuous or intermittent negative pressure ventilation was used in extubated infants.
Results-All four patients with bilateral palsy survived with long-term intermittent negative pressure ventilation and did not require further surgery.
Of the 10 with unilateral lesions, seven required no further surgery, two underwent plication, and one had a re-plication. Three patients with unilateral palsy died of non-respiratory causes. The duration of positive pressure ventilation after starting negative pressure ranged from 0 to 23 days (median 6). Treatment Phrenic nerve palsy is a complication of surgery for congenital heart disease' that can cause respiratory failure and necessitate prolonged ventilation via an endotracheal tube or a tracheostomy.2 These techniques contribute to the development of infections of the lower respiratory tract, often in the atelectatic lung adjacent to the paralysed diaphragm, thus further prolonging the need for respiratory support. The younger the child the more marked the respiratory compromise. This is due to the infant's greater reliance on the diaphragm for breathing in the presence of a relatively horizontal rib cage, a compliant chest wall, and a recumbent posture."5 Treatment of phrenic nerve palsy is initially conservative but if the patient cannot be weaned from positive airway pressure ventilation or has a persistent oxygen requirement, diaphragmatic plication is usually performed.' However, this surgical procedure does not always ameliorate the respiratory failure, which may require treatment for weeks or months even in patients in whom the nerve injury is temporary.
We report our findings in 14 patients with phrenic nerve palsy, some of whom had undergone diaphragmatic plication. Negative extrathoracic pressure ventilation was used with the aim of providing respiratory support without the need for a plication or replication, long-term endotracheal intubation, or tracheostomy.
Patients and methods

PATIENTS
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METHODS
The system for applying negative extrathoracic pressure ventilation (Homer and Wells, DHB Tools) has been described in detail elsewhere. 6 In brief, it consists of a Perspex chamber that encloses the patient from below the neck. The chamber is made airtight by a latex neck seal that is placed over a polo-necked stockinet vest on the infant. Routine access was via two portholes on each side of the chamber. Foam gaskets on the inside of these portholes formed a seal round the arms enabling the negative pressure to be maintained while routine care was being administered. Emergency access could be gained by undoing two quick-release catches at the side of the chamber, thus allowing the lid of the chamber to swing upwards, to give easy and rapid access to the infant.
In patients with unilateral phrenic nerve palsies, seven recovered without further surgery, two had plication, and one a re-plication. One of the three patients who had a plication could not be extubated and underwent a further period of treatment with negative pressure after this operation. Plication was performed in all three cases because respiratory failure continued despite respiratory support with negative pressure. Three of the patients with unilateral palsy died: one from candidal septicaemia, one intraoperatively during a pulmonary artery banding, and one after a cardiac arrhythmia which led to a cardiac arrest.
The length of positive pressure ventilation after the start of negative extrathoracic pressure ventilation ranged from 0 to 23 days (median 6). Treatment with negative pressure lasted from three to 241 days (median 32). The patients required intensive care for 14-99 days (median 38) and treatment in hospital for 26-186 days (median 75). Three patients with bilateral phrenic nerve palsy continued treatment at home for 93, 108, and 113 days.
There were no statistically significant differences in the total duration of respiratory support with either positive or negative pressure or between the five patients who had undergone a plication before negative pressure treatment and those who had not (MannWhitney U test).
Two of the 14 patients temporarily developed sore necks as a result of intermittent negative pressure treatment but in neither case did this necessitate discontinuation ofthe treatment. There were no other complications.
Phrenic nerve conduction studies were repeated at intervals according to the patient's respiratory state and the frequency of their outpatient attendances. These studies were useful in assisting in decisions about the duration oftreatment and the prognosis. Nine ofthe 14 patients recovered normal phrenic nerve latency and diaphragmatic electromyograms at 1-5 to 25 months (median 15) after operation. The three patients who died showed no recovery in phrenic nerve conduction by the time of death, one patient showed no recovery 10 months postoperatively, and one was lost to follow up. Most patients showed clinical evidence of improvement before electrophysiological evidence of recovery.
At follow up, 2-22 months (median 9 5) after the end of the negative pressure treatment, the 11 surviving patients showed clinically normal respiratory function.
Discussion
Retrospective studies have reported phrenic nerve palsy in 1-2% of patients after surgery for congenital heart disease.'2 In a prospective study in which we used percutaneous stimulation of the nerve to confirm phrenic nerve injury, this complication was found in 10% of cases.8 The probable reason for the underdiagnosis of phrenic nerve palsy is that many children with abnormal electrophysiological studies do not have apparent clinical manifestations. In addition, the non-specific nature of clinical signs, such as a raised hemi-diaphragm on the chest radiograph, may result in the diagnosis not being considered. The use of phrenic nerve testing and the analysis of the terminal latencies and diaphragmatic electromyograms were helpful in diagnosis and in assessing the degree of recovery.
A mortality of between 10% (three of 32 cases)2 and 36% (four of 11 cases)9 has been reported in children with congenital heart disease and unilateral palsies. There are no data on mortality in bilateral palsies'0 but they would probably show an even higher incidence.
The use of negative extrathoracic pressure ventilation as a form of respiratory support dates back to the last century." A previous case report describes the use of this treatment in an infant with diaphragmatic paralysis after a birth injury.'2 Both positive airway pressure ventilation and continuous negative extrathoracic pressure can help to stabilise the paralysed diaphragm and thereby prevent it from encroaching on tidal volume by paradoxical motion. However, negative pressure has two advantages over positive pressure respiratory support given through an endotracheal airway. Firstly, negative pressure support is non-invasive and may obviate the need for endotracheal intubation or tracheostomy; both are techniques that increase the risk of introducing pathogens into the lung. Moreover, because diaphragmatic paralysis may impair the ability to clear secretions, the risk of infection is particularly high in intubated patients with phrenic nerve palsy. Secondly, negative pressure has important theoretical haemodynamic advantages. Positive airway pressure ventilation may decrease venous return to the right side of the heart, increase pulmonary vascular resistance, and reduce pulmonary blood flow.'3 A reduction in pulmonary blood flow may be particularly deleterious after cardiac surgery, especially when pulmonary blood flow is already compromised. In this preliminary and uncontrolled study there were no strict criteria for the initiation of negative pressure treatment. Treatment was started when the cardiologist thought that the child's respiratory course was failing to improve despite standard treatment.
Of the six patients with unilateral lesions undergoing positive pressure ventilation after the initiation ofnegative pressure, two received a plication and one a re-plication. Two of these three plications took place when only the continuous mode of negative pressure was available; that is, before the development of intermittent negative pressure ventilation. One plication was, however, required despite the use of intermittent negative pressure ventilation. The four spontaneously breathing infants with unilateral lesions and the four infants with bilateral lesions all progressed without requiring further surgery. Thus negative pressure may have led to the avoidance ofplication or replication in 11 of these 14 patients.
The four patients with bilateral lesions required negative pressure treatment for a prolonged period of three to nine months. Access to the infant nursed in a negative pressure chamber is more limited than that in an infant undergoing positive pressure respiratory support. Stimulation and play and consequently development could therefore be hampered in infants requiring long-term treatment. However, as lung function improved, the patient was able to be taken out of the negative pressure chamber for progressively longer periods to be cuddled, played with, and stimulated. These difficulties with access have to be balanced against the advantages of negative pressure. These include the avoidance of long-term intubation and its associated problems with infection, and the greater feasibility of using negative pressure support outside the intensive care unit and at home.
Further improvements to the negative pressure system have recently been achieved,'4 including for example the development of a port in the base ofthe chamber for the insertion of x ray films allowing a radiograph to be taken without disturbance to the negative pressure.
Our results suggest that negative extrathoracic pressure ventilation is an effective and practicable treatment and may be an important alternative to long-term positive airway pressure ventilation in infants and children with unilateral or bilateral phrenic nerve palsy after surgery for congenital heart disease. A randomised controlled trial is required to evaluate negative pressure ventilatory support in the treatment of phrenic nerve palsy and to assess its possible role as an alternative to positive airway pressure ventilation and to diaphragmatic plication.
